P
ercutaneous coronary intervention (PCI) with stent implantation is a major therapeutic strategy in patients with clinically evident coronary artery disease. However, instent restenosis (ISR) is the main limitation of coronary stenting, especially for bare-metal stents (BMS). The predominant mechanism of ISR is neointimal in-stent hyperplasia (ISH), 1 resulting from proliferation and migration of vascular smooth muscle cells (VSMCs). Drug-eluting stents (DES) reduce neointimal ISH through inhibited VSMC growth and delayed re-endothelialization and healing. The different magnitude of ISH between BMS and DES has been demonstrated in large-scale studies. 2, 3 Various factors influence ISH, such as arterial injury by stent struts 4 and endothelial dysfunction. 5 In addition, local hemodynamic factors, in particular, endothelial shear stress (ESS), are important determinants of vascular biology and atherosclerosis, 6 eliciting multiple effects on endothelial cells and VSMCs. 7 Whereas early studies on the association between ESS magnitude and ISH were controversial, 8 most recent investigations demonstrated an inverse relationship between ESS and ISR after BMS implantation. 9, 10 In DES, only a few similar studies were conducted, without reaching definitive conclusions. [11] [12] [13] Therefore, the effect of low ESS within the stent on subsequent clinical events in humans requires further investigation. Furthermore, stent overlap is associated with increased ISR and lumen loss regardless of stent type. 14 Flow within the stents may be affected by overlapping segments, and the relationship between the hemodynamics inside overlapping stents and in-stent outcomes have not been examined in clinical settings. This study aims to assess the association of immediate post-PCI ESS with the anatomic natural history in stented regions over a 6-to 10-month period and clinical outcomes arising from ISR in a large patient cohort undergoing PCI for an acute coronary syndrome (ACS). The analysis was based on data from the Prediction of Progression of Coronary Artery Disease and Clinical outcome Using Vascular Profiling of Shear Stress and Wall Morphology (PREDICTION) Study with focus on the investigation of stent outcomes.
Methods Study Population
The PREDICTION study is a multicenter investigation at 17 clinical sites in Japan to identify the detailed coronary hemodynamic and plaque characteristics at baseline (BL) that would predict future cardiac events in 1-year follow-up (FU). The primary PREDICTION analysis was reported previously. 15 In brief, 506 Japanese patients with ACS who underwent PCI of all culprit lesions were enrolled. Patients underwent intracoronary vascular profiling (VP) with intravascular ultrasound (IVUS) and angiography of all major coronary arteries at the time of PCI. A large subset of consecutive, unselected patients underwent routine FU VP after 6 to 10 months to assess the anatomic natural history in relation to antecedent vascular characteristics. All patients had clinical FU at 1 year. This report focuses on stent characteristics and stent outcomes.
Three-Dimensional Reconstruction of Coronary Arteries
The methods of intracoronary VP have been previously described. [16] [17] [18] [19] In brief, IVUS and biplane coronary angiography were utilized to create an accurate three-dimensional (3D) representation of the coronary artery. IVUS was performed with automated pullback at 0.5 mm/s. The lumen and outer vessel wall were reconstructed from segmented end-diastolic IVUS frames. Coronary blood flow was calculated directly from the time required for the volume of blood contained within the portion of the artery under study to be displaced by contrast material in coronary angiography. 20 The stent was considered only as a zone along the arterial wall and not as a solid-body geometry. We did not investigate the contours or geometry of individually modeled stents. The 3D geometry of ISH was taken as the difference between the stented region and the lumen area. ESS within the stented region at the luminal surface of the artery was calculated as the product of blood viscosity (calculated from the measured hematocrit) and the gradient of blood velocity at the wall. The process of data acquisition and analysis are highly reproducible. 17 In the computational fluid dynamics (CFD) simulations, we impose measured blood flow to pass through the reconstructed geometry under nonslip condition (zero velocity) on the arterial walls. Mathematical model uses linear momentum (the Navier-Stokes) equations to find the velocity distribution at the faces of computational cells. The CFD model also has shear rates (velocity gradients) in every spatial direction to solve the governing equations. Thus, the gradient of blood velocity at the wall is determined from the shear rate at the computational cell on the wall, as published before. 17 More specifically, magnitude of the shear rate is defined based on the strain rate tensor as follows:
Here, i, j=1, 2, 3 are the 3 coordinate directions, and x i and u i are, respectively, the dimension and velocity in the direction i. _ c above becomes velocity gradient in the normal direction to the wall. In this study, we defined ESS as a measure of flow within the stented portion of the artery and specific stent geometries were not included into our CFD calculations.
Study Assessments
Each 3D reconstructed artery was divided into consecutive 1.5-mm segments. Whereas 3-mm segments had been used in the analysis of the PREDICTION study, 15 we selected 1.5-mm segments to investigate the stented regions because the stented segments are considerably shorter than the native coronary arteries and a finer resolution for all measurements would be required to precisely capture the local characteristics of blood flow and regional vascular anatomy within a stented region. The contours of the stented region were identified by selecting the stent struts on the IVUS image and connecting them with a straight line, which was then smoothed along the longitudinal course of the stented region. Within each 1.5-mm segment, we assessed local ESS following successful PCI at BL. The same 3D coronary artery segments were evaluated at FU 6 to 10 months later. Anatomic matching at BL and FU was accomplished by using fixed anatomic landmarks, multiple arterial branches, and stent edges as reference fiducial points. Within each 3D 1.5-mm stent segment, we assessed local ESS and vessel/lumen characteristics. Each stented segment was characterized by local predominant ESS value (defined as the minimum averaged ESS value over 90 arcs in the arterial circumference). Vessel area, lumen area, plaque area, and ISH area were measured for each stented segment at both BL and FU. Stented area was calculated as lumen area plus ISH area. Plaque area behind the stent was calculated as vessel area minus stent area, and the plaque burden behind the stent was calculated as the plaque area behind the stent divided by the vessel area. Percent ISH (%ISH) area at FU was calculated as (ISH area/stent area 9100). Change in each parameter (delta) was calculated as the respective FU measurement minus BL measurement. Percent change in each parameter (% delta) was calculated as (change in parameter/value of parameter at BL 9100). Overlapping stents were defined as stents featuring an overlapping stent zone of at least 1.5 mm in length.
In terms of clinical outcomes, we identified the BL stent areas that were treated by subsequent PCI for ISR at FU. We investigated the impact of BL stent characteristics on ISH and clinical outcomes in BMS. Furthermore, we similarly examined the anatomical outcomes in overlapping versus nonoverlapping stents. Cases of in-stent thrombosis were very infrequent and therefore not included in this analysis.
Statistical Analysis
Continuous variables are presented as the meanAESD or median and interquartile ranges (IQRs) as appropriate. To correct for the systematic error introduced by the clustering of stents within patients, several statistical methods were used. First, to investigate the association of continuous variables (eg, BL vessel area) with categorical variables (eg, stent type), we used mixed-effects ANOVA with the patient and stent defined as random effects. Probability values were adjusted for multiple comparisons with the use of the Scheff e method. Second, to investigate the association of binary outcomes (eg, subsequent PCI) with BL variables, we used mixed-effect logistic regression with the patient and stent defined as random effect. Third, to investigate the association of continuous outcomes (eg, ISH area) with continuous predictors (eg, BL ESS), we used mixed effects linear regression. BL variables associated with anatomic outcomes on univariable analysis at P level <0.1 were considered for entry in the respective multivariable models, and the final selection of independent predictors was performed with a backward-stepping algorithm (criterion for retention, P<0.1). In the multivariate model where outcome was the dependent variable, baseline parameters were included as independent variables, because all these variables were predictors of outcome on univariable analyses with P<0.1. All statistical tests were 2-tailed, and an a-level of 0.05 was used to determine statistical significance. All statistical analyses were performed with SPSS (version 18.0; SPSS, Inc., Chicago, IL) and Stata software (version 13.0; StataCorp LP, College Station, TX).
The study was approved by the local institutional ethics committee, and each patient gave written informed consent. Insulin dependent, n (%) 5 (2.7)
Family history of premature CAD, n (%) 9 (4.8)
History of myocardial infarction, n (%) 9 (4.8)
History of PCI, n (%) 13 (7.0)
Continuous variable data are presented as median (interquartile range). The definition for hypertension was blood pressure >140/90 mm Hg. CAD indicates coronary artery disease; HDL, high-density lipoprotein; LDL, low-density lipoprotein; PCI, percutaneous coronary intervention. 
Results
A total of 903 stents were identified at BL in 506 patients ( Figure 1 ). VP at both BL and FU was performed in 374 patients (including 458 stents). Of these, regions with no analyzable or partially analyzable stents (ie, no data for the entire stented region) were excluded, leaving 269 fully analyzable stented regions. Furthermore, we excluded stents implanted before the index BL procedure and stents with ISH at BL (n=20), Zotarolimus-eluting stents (n=2), and stents of unknown type (n=1). In addition, segments with incomplete stent apposition at BL (42 segments) were excluded from this analysis. A total of 246 stents in 186 patients were finally analyzed (161 in the left anterior descending artery, 43 in the left circumflex/obtuse marginal artery, and 42 in the right coronary artery), corresponding to a total of 3659 arterial segments (1.5-mm-long). Fifty-four overlapping stents (833 segments) were included in our analysis. For serial assessment of anatomic changes and hemodynamic effects, each stented region at BL was compared with the corresponding segment at FU.
Patient Demographics and Stent Characteristics
Baseline characteristics of 186 patients are shown in Table 1 . A majority of patients had substantial coronary risk factors, but only 13 (7.0%) had a history of past PCI. There were no significant differences of baseline characteristics between available patients in this report and the excluded patients. Medication at hospital discharge are presented in Table 2 . Most patients were on routine vasculoprotective therapies. The characteristics of the 246 stents are presented in Table 3 . The characteristics of the 3659 stent segments at BL and FU are presented in Table 4 . The mean BL ESS magnitude within the stented area after stent deployment was 1.57AE1.00 Pa (median, 1.34 Pa; IQR, 0.92-1.95). The frequency distribution of post-PCI BL ESS magnitude within the stented region is shown in Figure 2 , demonstrating that ESS most commonly ranged between 1.0 and 1.5 Pa (27.8%).
Anatomical Outcomes for Each Stent Type
Among the 246 stents, including overlap stents, 100 (40.7%) were BMS and 142 (59.3%) were DES (Table 3) . Analyzing the stented segments as consecutive 1.5-mm segments yielded 1384 segments for BMS and 2275 for DES. Anatomical characteristics of stented segments are presented in Table 4 . The frequency distribution of ISH area by individual stent type is shown in Figure 3 . The highest proportion of ISH area at FU was between 2.0 and 3.0 mm 2 for BMS (20.1%) and between 0 and 1.0 mm 2 for DES (63.0%). Because there was very little ISH in the DES regions, we were unable to evaluate the impact of local ESS within the stented region on ISH in these stents; our analyses of the effect of baseline ESS within the stented region and subsequent neointimal ISH were therefore limited to the BMS regions.
Effect of Baseline In-Stent Characteristics on Neointimal ISH
Large stent area and large plaque burden behind the stent were independently associated with the magnitude of ISH area (Tables 5 and 6 ). Large vessel area, large plaque burden behind the stent, and low ESS at BL were independent predictors of %ISH area.
Effect of ESS on Neointimal ISH in Overlapping and Nonoverlapping Stent Segments
At BL, 9 overlapping BMS (9.0%) and 45 overlapping DES (18.3%) were documented, corresponding to 122 and 711 segments for each stent type, respectively. There were no significant differences in ISH area and %ISH area between overlapping and nonoverlapping regions in stent types. In stented regions with overlap, low ESS at BL was not associated with ISH outcomes in univariate analysis for BMS (Table 7) . In stented regions without overlap, low ESS at BL was independently associated with the ISH area and %ISH area in BMS (Table 8) .
ESS and ISH in Stents Implanted at ACS Culprit Lesions Versus Nonculprit Lesions
At BL, 165 stents (67.0%) were implanted at an ACS culprit lesion and 81 stents (32.9%) at nonculprit lesions. In ACS culprit lesion stents, 88 (53.3%) were BMS and 77 (46.7%) were DES. The comparison of stented regions involving the ACS culprit lesion and those involving the nonculprit lesion at BL and FU is presented in Table 11 ). There was no significant relationship between ESS within the stented region at BL and subsequent PCI.
Discussion
This study demonstrates, for the first time, the effect of instent ESS on subsequent ISH in a large patient population. The main findings of this report are that: (1) ISH after BMS implantation is independently associated with the preceding low ESS within the stented region, regardless of whether the stented region consists of overlapping or nonoverlapping segments, and (2) the magnitude of ESS within the stent at BL is not associated with ISR requiring subsequent PCI at FU. In the multivariable model where ISH area is the dependent variable, vessel area, stent area, plaque area behind the stent, plaque burden behind the stent, and ESS at baseline were included as independent variables, because all these variables were predictors of ISH area on univariable analyses with P<0.1. In this multivariable model, large stent area and large plaque burden behind the stent were independently associated with ISH area. In the multivariable model where % ISH area is the dependent variable, vessel area, stent area, plaque area behind the stent, plaque burden behind the stent, and ESS at baseline were included as independent variables. In this multivariable model, large vessel area, large plaque burden behind the stent, and low ESS were independently associated with % ISH area. ESS indicates endothelial shear stress; ISH, in-stent hyperplasia.
Stent Deployment, Vascular Flow Alterations, and ISH
The effects of arterial flow alterations in stent deployment involve multiscale phenomena. Bulk flow changes attributed to the cardiac ejection create time-dependent flow and pressure drops across vascular segments that change as a function of vascular impedance and dimensions. Geometrical irregularities in the vasculature, such as curvature in highly tortuous vessel and the presence of lesions and stents, also cause ESS variations. Physiological ESS inhibits smooth muscle cell (SMC) proliferation and migration either directly or through endothelial cells, 21 whereas low ESS promotes the activation, proliferation, and migration of SMCs by increasing expression of platelet-derived growth factors, endothelin-1, and vascular-endothelial growth factors. Therefore, native lesions that are exposed to low ESS (ESS <1.0 Pa) exhibit augmented plaque progression. 15 Although the impact of ESS on vascular response within a stent has been studied before, 8, 11, 13, 18, 22 data still remain inconclusive.
At the stent strut level, arterial flow introduces micro-scale near-wall flow alterations, creating recirculating zones local to the stent struts. The extent and magnitude of these flow disturbances are a function of stent dimensions, strut configuration, strut apposition relative to the arterial wall 23 and stent overlap. 24 These local flow alterations mediate biological responses through increased thrombogenicity 25 and impaired rate of vascular repair, 26 with mechanisms different than macro-scale effects. 27 In the case of DES, the impact of arterial drug distribution is further modulated with variable convective transport environments. 28 In this work, we show the impact of macro-scale flow alterations attributed to stent deployment on ISH in patientspecific scenarios; we did not have appropriate data to address micro-scale effects. Similar to an earlier study, 18 our methods included defining the arterial geometry by using IVUS and angiography and modeling the stent as a distinct region in the arterial wall bounded by the stent struts. By isolating the macro-scale events, we were then able to investigate their predictive role in ISH and ISR. Local post-PCI ESS independently predicts %ISH area in BMS, but not ISR at FU. The absolute ISH area is dependent on stent size, especially in BMS, and this study included various stent sizes, as a reflection of its large-scale nature. However, when we normalized ISH area to stent area (ie, %ISH area), we identified the relationship between ESS and local vascular responses, which was similar to previous smaller-scale clinical studies. 8, 9, 13 Our study showed that only 27.2% of all stents were fully analyzable at BL and FU. The major cause of exclusion was that VP data were not available for the entire stent ( Figure 1 ). However, there were no significant differences in baseline patient characteristics between included and excluded stents, and a selection bias is very unlikely to account for our results.
Impact of Eluted Compound on ISH
DES has been shown to markedly reduce the occurrence of severe ISH. 29, 30 Local delivery of antineoplastic agents from the stent strut to the arterial tissue inhibits ISH growth and leads to clinical benefit. Flow environments and arterial patterns affect drug delivery and drug-specific effects. 28, 31, 32 Nevertheless, DES is not immune to ISR. In fact, a previous study in a large cohort of patients with angiographic surveillance reported that ISR rate remains higher than10%. 33 A recent study retrospectively analyzed IVUS data in 298 ISR to compare the mechanisms of ISR between BMS and DES, 34 and found that both neointimal hyperplasia (NIH) and stent under expansion were mechanisms of ISR. In our study, although the lack of an ISH response within the DES group precluded further evaluation of the role of flow in ISH outcomes in those regions, it remains possible that NIH is large at low ESS areas within DES.
Impact of Stent Overlap on ISH
Stent overlap occurs in more than 30% of cases, and lessfavorable outcomes are consistently reported in this setting with both BMS 4,35 and DES. 14 Studies have observed more neutrophils, eosinophils, and fibrin deposition, suggestive of more-intense inflammation and therefore of an underlying flow-related vascular response mechanism. In this study, we found ESS to independently predict ISH area in nonoverlapped segments, but, interestingly, not in the case of stent overlap. This could either be a result of the small group size of overlapping stents (n=54 stents) or suggest that another scale of flow could dominate in areas of stent overlap, in particular, those micro-scale flow alterations near stent struts. When multiple stents are deployed, the inner stent will augment further those strut-induced flow alterations 25 and will increase both the area of arterial wall exposed to prorestenotic flow 24 and the magnitude and amplitude of ESS variations across the vessel. The limited resolution of our clinical imaging did not allow for the reconstruction and coregistration of multiscale flow models and the study of associated in vivo biological responses.
Impact of the BL Clinical Presentation on ISH
The pathophysiology and prognosis of ACS-associated plaques is different than non-ACS-associated plaques, with ACS plaques exhibiting a more-pronounced inflammatory response than stable angina lesions. Our study showed that the magnitude of ESS within the stented region at BL was lower in the case of ACS, and ISH at FU was also larger. In the multivariable model where ISH area with overlap stent is the dependent variable, vessel area, stent area, plaque area behind the stent, and plaque burden behind the stent at baseline were included as independent variables, because all these variables were predictors of ISH on univariable analyses with P<0.1. In this multivariable model, large vessel area was independently associated with ISH area with overlap. In the multivariable model where ISH area without overlap stent is the dependent variable, vessel area, stent area, plaque area behind the stent, plaque burden behind the stent, and ESS at baseline were included as independent variables. In this multivariable model, large vessel area, plaque burden behind the stent and low ESS were independently associated with ISH area without overlap. In the multivariable model where %ISH area with overlap stent is the dependent variable, vessel area, plaque area behind the stent, and plaque burden behind the stent at baseline were included as independent variables, because all these variables were predictors of %ISH on univariable analyses with P<0.1. In this multivariable model, large vessel area and large plaque behind the stent were independently associated with %ISH area with overlap. In the multivariable model where %ISH area without overlap stent is the dependent variable, vessel area, plaque area behind the stent, plaque burden behind the stent, and ESS at baseline were included as independent variables. In this multivariable model, plaque burden behind the stent and low ESS were independently associated with %ISH area without overlap. ESS indicates endothelial shear stress; ISH, in-stent hyperplasia.
Stents in ACS culprit lesions also exhibited a higher degree of luminal narrowing from BL to FU, despite plaque regression behind the stent. These findings might be affected by the low ESS within the stented region at BL and the high proportion of BMS implanted at ACS culprit lesions. Previous reports have demonstrated that angiographic restenosis is more frequent in patients with ACS than with stable angina, which is consistent with our results. 36 
Impact of ESS on ISR Requiring Repeat PCI
Our study did not demonstrate a significant relationship between low ESS within the BMS stented region at BL and occurrence of a subsequent clinically indicated PCI at FU. Low ESS was an independent predictor of ISH at FU, and the ISH area 
Study Limitations
Our study had several limitations. We did not collect information concerning the specific type of BMS utilized. Although stent design and configuration are important for the hemodynamic environment, our definition of flow in this study was a macroscopic measure of flow in the stented region and did not reflect the microscopic flow patterns associated with specific stent geometries. We were also limited to BMS cases only in ISH assessment because there was very little ISH observed in DES. Our study is also limited by the small number of clinical events that occurred within the short FU period. Many of these clinical events were asymptomatic, consisting of significant in-stent lumen narrowing identified during routine FU cardiac catheterization and, accordingly, treated with a PCI.
Although in-stent thrombosis occurred in a few cases, it was not feasible to obtain VP data in those emergency clinical situations. Therefore, we were not able to investigate the relationship between ESS within the stent and late or very late stent thrombosis, which is an important component in the management of patients with DES.
Conclusions
ISH after stent implantation relates to preceding low ESS within the stent. ISH is strongly inhibited by DES. ESS is not associated with ISR requiring subsequent PCI at FU. Although low ESS is independently associated with ISH, it does not predict ISH of sufficiently large magnitude to cause clinically evident lumen obstruction. ESS is an important determinant of ISH after stent implantation, but pronounced ISH during this short FU is likely attributed to factors other than local ESS within the stented region.
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